Abstract: The cleaning of a silicon surface from dust particles using laser-induced suface acoustic pulses is investigated. It is shown that nonlinear acoustic waves displace particles not only perpendicular but also parallel to the surface and are therefore more effective in particle removal than are linear acoustic waves.
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INTRODUCTION
In modern integrated circuit technology [l] the development of semiconductor processing free of fine particles becomes increasingly important. The traditional surface cleaning techniques are not effective at the submicron level and new methods for detaching submicron sized particles are needed. The recently proposed method of removing submicron size particles from surfaces with laser-generated surface acoustic waves (SAW) [2] provides an effective means for surface cleaning as well as for the investigation of the adhesive forces of fine particle to surfaces. The principal interaction that is represented in the adhesion of micron sized particles to solids is a molecular interaction based on the Van-der-Waals forces. With the decrease of the particle's dimension the role of the attractive forces between the particle and the substrate strongly increases and more and more intensive acoustic waves become necessary to remove the particle. For example the adhesion force of a micron size particle of At203 with a mass of 2x10-l2 g located on a silicon surface in air is ~~= 9 x 1 @ 3 dyn. In order to detach the particle the creation of a vertical acceleration equal to 4.5~106 g is needed. Here g is the gravitational acceleration. For the same amplitude a nonlinear pulse rich in high frequency harmonics produces higher accelerations as compared with a linear one. For nonlinear SAW interacting with a particle on a surface in addition a newly observed effect arises, namely the displacement of particles along the surface.
THEORY
The analysis of the structure of a nonlinear Rayleigh wave [3] shows that a shock wave is formed along its horizontal component whereas in the vertical component the velocity of the medium displays a sharp spike. When the center of the shock movement passes the particle the surface experiences a large acceleration in the direction opposite to the direction of the SAW propagation and the inertial force shifts the particle along the surface in the direction of Article published online by EDP Sciences and available at http://dx.doi.org/10.1051/jp4:19947166 the SAW propagation. In all the other moments of the passage of the acoustic wave namely when the surface restores its position a comparatively smaller positive acceleration occurs and the particle is kept on the surface and moves together with it. As a result a sequence of SAW pulses produces a net drag on a particle along the surface in the direction of the SAW propagation. Simultaneously the formation of a spike in the profile of the vertical velocity component at the center of the wave causes a strong increase of the vertical acceleration. The ultimate values of the inertial force are realized at this moment and will overcome the adhesion force when detaching the particle.
EXPERIMENT
In our experiments we studied the interaction of nonlinear SAW pulses with fine particles on the surface of a commercial silicon wafer. The wafer had a thickness of 380 pm and was dusted uniformly with 1-2 pm sized At203 particles. The SAW pulses were excited by a Molectron UV-24 nitrogen laser with a wavelength of h=337 nm, a pulse duration of z=10 ns, an energy of E=6 rnJ, and a repetition rate of up to 50 Hz. The laser beam was focused on the sample surface producing a focal spot of dimension 150 X 800 pm. The laser intensity was high enough to produce optical breakdown on the sample surface with (100) orientation which in turn creates an intense nonlinear SAW pulse. Due to the large size of the focal spot phonon focusing [4] is not visible.
RESULTS
Fig. 1 displays a photograph of the surface of the silicon wafer after exposure to 50 laser pulses. A pronounced pattern showing a horizontal displacement of particles is observable in the region close to the focal spot of the laser where the nonlinear SAW pulse is generated. It
